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7? 1?
??
1.1 ?????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????
????????????????????????????????????????????
??????????????????????????1???????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????H2 ? O2 ??????????????????????????????????2,3?
???????????????????????????????1,4?
??????????????????????????????5??? 1m????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????6?????????? 1850?????Michael Faraday?????
???????????7?????????????????????????????????
1 ??
? 1.1 ??????????????????
????????????????? (? 1.1)8,9???????????????????????
????????????????????????????????10,11???????????
???????????????
???????????????????? Au ??????? (Au NC) ?????????
??????????????? Au NC (Au/support)?????? CO???????????
?????????????11,43{50???Au NC??????????????????????
?51{60?
CO+
1
2
O2
Au=Support        ! CO2 (1.1)
?? Au NC??????????????????????61????????????????
?????????????????????????????????????????????
??????????? Au NC???????????52{60?????????????????
????????????????????????51,61{63??????????64,65?C-C??
??????66{69??????????70?H2 ? O2 ????????????71,72?????
?37,73,74??????75{78??????? ??????????????????? (? 1.1)?
Au NC ?????????????????????????2008 ????????????
??????-?????? Au/NiO/SiO2 ???????methacrolein?? methyl methacrylate
8
1.1 ?????????
? 1.1 Au NC??????????? (???? 12, Table 3???????? Ref????
????????????????????????)
Type of reac-
tion
Reactant Tempera-
ture (K)
Support Notes Ref.
Complete
oxidation
CO 200-400 Be(OH)2,
Mg(OH)2,
Mn2O3,
Fe2O3, etc.
acidic metal oxides are
excluded as a support.
13{16
HCHO 300-450 TiO2 regenerable by sun
light
119a)
CH3OH 300-450 TiO2 regenerable by sun
light
119a)
CH4, C3H8 450-650 Co3O4 as active as Pd, Pt cat-
alysts
17
trimethylamine 330-500 Fe2O3,
NiFe2O4
commercialized for
odor eater
86a)
Oxidative
decomposition
chlorouorocarbon 550-823 Co3O4,
Al2O3, LaF3
LaF3 for HCN Eynthe-
sis
18,19
o-chlorophenol 450-550 Fe2O3 integrated with
Pt/SnO2+Ir/La2O3
110a)
dioxin 400-500 Fe2O3 integrated with
Pt/SnO2+Ir/La2O3
110a)
Reduction or
decomposition
of NOx
NO+C3H6 450-800 Al2O3 to N2, mixed with
Mn2O3
20{22
N2O(+O2+H2O) 500- Co3O4 to N2 23
Oxidation or
Reduction of
COx
CO+H2O 400-500 TiO2, ZrO2,
CeO2
to CO2+H2 24{26
CO+2H2 400-500 ZnO to methanol 27
CO2+3H2 400-500 ZnO to methanol 27
CO2+3H2 400-500 TiO2 to CO 27
Selective
oxidation
C3H6+H2+O2 300-500 TiO2
(anatase),
Ti-SiO2
to propylene oxide 28{34
C3H8+O2+H2 300-400 TiO2
(anatase)
to aceton 28
C4H10+O2+H2 300-400 TiO2
(anatase)
to butanol 28
Glycols room temp. activated car-
bon
to a-hydroxy acids, liq-
uid phase
35,36
Selective
hydrogenation
CHCH 400-500 Al2O3 to ethylene 37
CH2=CH-CH=CH2 400-500 Al2O3, SiO2,
TiO2
to butenes 10,38,39
crotonaldehyde 500-550 ZnO to crotyl alcohol 40
acrolein 513-593 ZrO2 to allylalcohol 41
Hydrochlorina-
tion
CHCH 373-393 AuCl3/ acti-
vated carbon
to vinyl chloride 42
a) ?????
(MMA) ??? (????79) ?????????????????????? NBC ??????
???????????????????????????????? Au NC?????????
??????????????????????Au NC???????????????????
?????????????????????DuPont?? Pd/Au?? NC??????????
????????????????????????????
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1 ??
? 1.2 (a) Au/TiO2 ??????? CO????????????????????? (??
?? 12, Figure 8.??????????????????????)?(b) Au10 ???????
? CO????????????????? (???? 63, Fig.3????)?
1.2 ?????????????
Au NC??????????????Au NC?????????????Au NC??????
???????????????????????????
Au NC?????????????????????????? (?????????????
?????????)??????????????????????Au NC??????????
?????????????????????????????????????????????
????????????????????Au NC??????????????????52{55?
???????????????Au NC??????? (2-10nm)??????????????
?????????????????????????????????????????????
????????????????????????????????????????????
???????????????????50?????H2 ? O2?CO?NO ??????????
??????????????? Au NC????????????????????????Au
NC????????????????????????????? Au NC??????????
?80{84??????????? Au NC???? (Au n )?????? Au NC??????? O2 ?
??????????????????
Au NC??????????????????????? TiO2 ? Fe2O3?CeO2 ??????
10
1.3 ???????????????
??????? Au NC??????????????????????????11,43{49??? CO
???????Mg(OH)2 ? Al2O3?TiO2?SiO2 ?????????????????? Au NC
???????????14,85{87??????????? Au13 ???????? Au/Mg(OH)2 ??
????????88?????Goodman???Au/TiO2 ?????? CO??????? Au NC
???? 2nm??????????????????44?????????????? Au NC?
??????????Au NC???????????????????????????????
?????????????????????????????????????????????
???????????????????????
??????????????????????Au NC???????????????????
??????????????????????????????NC?????????????
???????????? CO???????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????????????? (?
1.2)89{92?
1.3 ???????????????
???????????????? poly(N-vinyl-2-pyrolidone) [PVP; (C6H9ON)n]???? Au
NC ???????????????? (Au:PVP) ????????????55?????? Au
NC???????????????????????????????????????????
???????Au:PVP?????????? p-hydroxybenzyl alcohol(p-HBA)???????
?????????????????????????????????????????????
??????????????Au:PVP??????????????????????????
? arylboronic acid??????????ammonium formate??? H2O2 ??52{55,93{95???
???????????????? (? 1.3)?
????? Au NC???????????Au NC????????????????????
?????? Au NC ?????????????????? Au NC ????????????
???????????????????????????55????????????????
??????????????????????????????96???-??????? NC?
??????????97???????98??????????????????????????
???Au NC??????????????????????????????????????
11
1 ??
? 1.3 (a) PVP? PAA??????(b) Au:PVP????????? (???? 55, Scheme 1.????)
? 1.4 Au:PVP?? Au NC????????????????????????????? (
(a)???? 55, Chart 2.???(b)???? 93, Scheme 1.????????)
???????Au:PVP??????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????? (1.3-10nm)????? Au:PVP
?????????????????????????????????????????????
?????
?? Au NC ???????????? Au:PVP ?????????????????????
Au:PVP???????????? NC??????????????????????????
?????????????????????? (? 1.4)52{55,93{95,99?????????????
???????????????????????????????93{95???????????
???????????54,99????????????????????Au NC????????
?????????????? (O2)????????????????????????????
?????????100,101?????????????????????Au NC????????
??????????????NC????????????????????? O2 ? *????
?????????O2 ??????????????Au NC???? O2 ???????????
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1.4 ??????
??????????????????????????????????????
Au:PVP ?????????????Au NC ? PVP ??????????????????
??????????????????????????????????????? PVP? Au
NC??????? (?????)?????????????????????????PVP??
???????????????????????????????????????102,103??
?????????????????????????????????????????NC ?
??????? Au????O2 ??????????????????????????????
??????????????????????????????????104?????????
?????????????????????????????PVP????? poly(allylamine)
[PAA;(C3H5NH2)n]???????????????????????PVP??????????
?????PAA???? 10?? 1?????????????????55???????????
?????????????????????????????????????????????
???????????
Au NC????????????????????????????????????????
??????????????????? Au NC????? Au NC?????????????
???????????????????????????? Au NC?????????????
?????????????????????????????????? Au NC???????
?????????????????????????????????????????????
???????????????????????????
1.4 ??????
????????????? Au NC???????????????????????????
???????????????????????????????????????
????????????????????????????????????????????
??????????????105???????????Au NC???????????????
????????????????????????? (DFT)????Au NC????????
??????????????????????????????????? Au NC??????
??????????????????????????? Au NC??????????????
??????????????????? (MD)?????DFT???????????????
?????????????????????????????????????????????
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1 ??
? Au NC???????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
Au NC??????????????? Au NC????????? Au NC??????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
???
??? 5??????????? 1?????????????????????? 2????
?????????????????????? 3??????????? Au NC???????
????????????????????????? 4 ??????????????????
?????????????????????????????????????????????
???? 5 ???????????????????????????????????????
???
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? 2?
????
???????????????????????????? 3???????????????
????????????????????????????Schrodinger???????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????
??????? 3????????????????????????????????????
?????????????????????????????????????????????
????
2.1 ???????
????????????????? (DFT)???????????????????????
????????????? Hohenberg-Kohn???????????????????????
????????????????????????????????????????????
?????????????????? Kohn-Sham???????????106?
2.1.1 Hohenberg-Kohn???
DFT?????????107??????????
Hohenberg-Kohn????? (HK1) ??????????????????????? (r)??
2 ????
????????????
Hohenberg-Kohn????? (HK2) ???????????????? (r)?????????
?????
Born-Oppenheimer?????????????????? HamiltonianH^elec ??
H^elec = T^e + V^ee + V^ex (2.1)
???????? T^e ? V^ee ????????????????????????????????
??V^ex ???????????????????
V^ex =
NX
i=1
v^(ri) (2.2)
????????? i????????????????? v^(ri)??????????? Hamilto-
nian???? Schrodinger????????????????????????	(x1   xi   xN )
?????? (r)???????
(r) = N
Z
		dx1   dxi    dxN (2.3)
HK1??????????????????? 1? 1???????????????????
?????? (r) ????????? v^(ri) ? v^0(ri) ???????????????????
Hamiltonian?
H^ = T^e + V^ee +
NX
i=1
v^(ri) + v^(ri) (2.4)
H^ 0 = T^e + V^ee +
NX
i=1
v^(ri) + v^
0(ri) (2.5)
????????????????? 	?	0 ????????
(r) = N
Z
		dx1    dxi    dxN (2.6)
= N
Z
	0	dx1   dxi   dxN (2.7)
?????????????
E = h	jH^j	 i = h	jT^e + V^ee +
NX
i=1
v^(ri) + v^(r)j	 i
= Eelec + h	jv^(r)j	 i
= Eelec +
Z
v^(ri)
Z
		dx1   dxi   dxN
= Eelec +
1
N
Z
v^(r)(r)dr (2.8)
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2.1 ???????
???
E = h	0jH^ 0j	0 i
= E0elec +
1
N
Z
v^0(ri)(r)dr (2.9)
????	? 	0 ????? H^ ? H^ 0 ???????????????????????
E0 = h	jH^j	 i  h	0jH^j	0 i (2.10)
E00 = h	0jH^ 0j	0 i  h	jH^ 0j	 i (2.11)
????
E0  h	0jH^j	0 i
= h	0jH^j	0 i+ h	0jH^ 0j	0 i  h	0jH^ 0j	0 i
= E00 + h	0jH^   H^ 0j	0 i
= E00 +
1
N
Z
[v^(ri)  v^0(ri)](r)dr (2.12)
????????
E00  E0 +
1
N
Z
[v^0(ri)  v^(ri)](r)dr (2.13)
????????
E0 + E
0
0  E00 + E0 (2.14)
???????????????????????????????????????????
	 = 	0 ????????????? 	 6= 	0????????????????????????
??????????? ??????????????????????? 1? 1???????
????????????????????????????????? E ??????????
???????????? HK1???????????
2.1.2 Levy???????
?????HK1?????????????????????????????Levy?????
??????????????????108????? (r)????????????????
(r) > 0;
Z
(r)dr = N;
Z rp(r)2 dr <1 (2.15)
?????? (r)??????????? f	i ; i = 0; 1;    g????????????????
??? 	0 ?????????????????????????
E0 = h	0 jH^j	0 i  h	i jH^j	i i (2.16)
17
2 ????
Hamiltonian??????
h	0 jT^e + V^eej	0 i+
1
N
Z
v^0(ri)(r)dr  h	i jT^e + V^eej	i i+
1
N
Z
v^0(ri)(r)dr
h	0 jT^e + V^eej	0 i  h	i jT^e + V^eej	i i (2.17)
????????????? (r)???????????h	i jT^e + V^eej	i i?????????
?????????????????????????????????????????????
???????????? F [(r)]????????????????Levy??????????
???????????
?????HK1?????????????HK2???????????????????HK1
???????????? E0 ?
E0 = minE0[(r)]
= min

min
	!0
h	i jT^e + V^eej	i i+
1
N
Z
v^0(ri)(r)dr

= min

F [(r)] +
1
N
Z
v^0(ri)(r)dr

(2.18)
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????
2.1.3 Kohn-Sham???
DFT ????????????????????????????????????????
?? Kohn-Sham(KS) ?????KS ????Slater ????????????????????
???
(r) =
X
=;
NX
i=1
j (r; )j2 (2.19)
???? Slater?????????? KS????????????? (HF????)?????
???????KS????????????????????????????????????
???????????????
Hohenberg-Kohn??????????????????????? (r)??????????
???
E[(r)] = F [(r)] +
Z
(r)v^(r)dr (2.20)
F [(r)] = T [(r)] + Vee[(r)] (2.21)
18
2.1 ???????
????T []?????????????Vee[]???-???????????????????
?????KS ?????????????? E[] ???????? Ts[]??????????
?? J []?????? R (r)v^(r)dr ????????????? Exc[]????????
E() = Ts[] + J [] +
Z
v^(r)(r)dr + EXC[] (2.22)
??????????? Ts[(r)]???????????? J [(r)]??????
R
(r)v^(r)dr??
??????????????????????????? EXC[(r)]??????? EX ???
??? EC ???????
EXC[(r)] = EX[(r)] + EC[(r)] (2.23)
???????? HF????????????? HF????????????????????
????
???? 2.22??????????????? KS????????? KS?????Lagrange
?????????????????????Lagrangian??
L^ = E[(r)] +
NX
i;j=1
jiij  
Z
 i (r) j(r)dr (2.24)
???????????????????
f 1
2
r2 + Veg i (r) = i  i (r) (2.25)
V e = V (r) +
Z
(r) + (r)
jr   r0j dr
0 +
EXC[
(r); (r)]
(r)
(2.26)
?????????????????? = ;  ?????
Hybrid DFT?
?????? HF???????????????? Hybrid DFT??????????????
????????????
EXC = P2E
HF
X + P1(P4E
Slater
X + P3E
non local
X ) + P6E
local
C + P5E
non local
C (2.27)
????EHFX ? HF????ESlaterX ? Slater????????????????????????
????????????????? Enon localX ???????? Enon localC ? 6????????
Pi(i = 1; 2; : : : ; 6)????????
??????????????? B3LYP ???????? 3 ???????????????
???????????????????????
EB3LYPXC = 0:20E
HF
X + (1  0:72)ESlaterX + 0:72EB88X + (1  0:81)EVWNC + 0:81ELYPC (2.28)
19
2 ????
2.1.4 ??????
?????? DFT?????? ab initio?????????? (QM)????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????
??????????
Hartree-Fock?? DFT???????????? Slater?????????????????
??? (r)?????  (r)???????????????
(r) =
X
i=1
nij (r)j2 (2.29)
??? ni(ni = 1; 2; 3)? i??????????????????? (r)???????????
?????????? N ????Z
(r)dr =
X
i=1
ni
Z
j (r)j2dr =
X
i=1
ni = N (2.30)
???????????????????????????????? ?????????
 i(r)? ?????????  i(r)?????????? N?N ????????? spin(r)
?????????? ?????????  ???????????????????????
spin(r) =
NX
i=1
j i(r)j2  
NX
i=1
j i(r)j2 (2.31)
??????????????? ????????????? ???????????????
???????
Mulliken????
????  (r)????? f(r)g???????????????
 (r) =
X

Ci(r) (2.32)
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2.1 ???????
??? Ci ????????????? 2.29???????????????
(r) =
X
i=1
ni
X

Ci

(r)
X

Ci(r)
=
X
;
(X
i=1
niCiC

i
)
(r)(r) (2.33)
=
X
;
P

(r)(r); P =
X
i=1
niCiC

i
??? P ??????density matrix?????????  ???????? fg?????
???????????????? S ??????????????????????????
????
N =
X
;
P
Z
(r)(r)dr =
X

X

PS =
X

(PS) = trPS (2.34)
?????????? (PS) ?????  ????????????????????????
???????????????????????Mulliken???????????
????? 2.34 ??????????????????????????????????
trAB = trBA?????
N = tr(SPS1 ) (2.35)
????  ?????????????  ????????????????????????
?????????????????????????????  = 1 ???????????
Mulliken ???????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
???????????????????????????????? A???????????
?net charge??????? A????????????? A??? ZA ????????????
???Mulliken????????????? qA ????????????
qA = ZA  
X
2A
(PS) (2.36)
???Mulliken??????????????  2 A???? A??????????????
???????????????
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2 ????
2.2 ?????
????? (MD) ???????????????????????????????????
????????????????????109???????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
? Newton????????????????????????????????????????
?????????????????? DFT????????????????????????
?????????????????????????????MD?????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????MD?????
???????????????
2.2.1 ?????
????????????????????????????????????????????
???????????????????????N ???????????????? (NVE)?
??????????
i??????????????mi???? ri???????????????????? f i ?
???????????????????? Newton???????
mi
d2ri
dt2
= f i (2.37)
????? i???????????????????????????????????????
??????????MD?????????????????????????????????
????
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2.2 ?????
????????
????????????????????????????????????????????
???????????????????? Hamiltonian??????????
H^ = 
NX
i=1
1
2
r2i  
MX
A=1
1
2MA
r2A  
NX
i=1
MX
A=1
ZA
riA
+
NX
i=1
NX
j>i
1
rij
+
MX
A=1
MX
B>A
ZAZB
RAB
(2.38)
?????????????????????????????????????????????
????????????????????? Schrodinger???????Born-Oppenheimer?
??????????????????????????????? Etot(fRAg)????????
??????????
Etot = Eelec +
MX
A=1
MX
B>A
ZAZB
RAB
(2.39)
?????????????????????????????????????????????
??????????????????????????????
MD????????????????????????????????? (2.39)?????
?????????????????????????????????????????? MD
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
???????
????????????????????????????????????????????
???????????
V =
X
bonds
Vbond(r) +
X
angles
Vangle() +
X
dihedrals
Vdihedrals()
+
X
i
X
j
Vint(xi; xj) +
X
VvdW(R) +
X
VCoulomb(R) (2.40)
??????? r; ; ??????????????????? xi ???????????????
?? R?????????? van der Waals?? Coulomb??????????????????
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2 ????
?????????????van der Waals?? Lennard-Jones???????????????
???????????????????????????????????Morse??
Vbond(r) = D
e
ij [expf 2aij(rij   r0ij)g   2 expf aij(rij   r0ij)g] (2.41)
? Lipincott??
Vbond(r) = D
e
ij [1  2 expf kijr0ij(rij   r0ij)2=(2D0ijrij)g] (2.42)
??????????????????????????????????? 1-3????????
?????????????????????????? Amber??110?
Vtot =
X
bonds
Kr(r   req)2 +
X
angles
K(   eq)2
+
X
dihedrals
Vn
2
[1 + cos(n  )] +
X
i<j
"
Aij
R12ij
  Bij
R6ij
+
qiqj
Rij
#
(2.43)
??????????????Kr ? req?Vn??Aij?Bij?qi???????????????
?????????Amber????????? 2.1?????????????????????
??????????????????????? 2.1???????????????? Amber
?????????????????????? General Amber Force Field (GAFF)?????
????????????????????????????? 9?????"??"???????
?????????????
2.2.2 ????????
????????????????????????????? (2.37)???????????
?????????????????????????????????????????????
????????????????MD???????????????????????????
?????????????????????????????????????????????
???????????????????????
MD????????????????????????????????-?????????
???????Runge-Kutta???????????????????????????????
??????????????????????????????
?? Verlet?
h?????????????? i??? ri(th)??? t???? Taylor?????????
??????
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2.2 ?????
? 2.1 Amber GAFF ??????????? (???? 110, Table 1.????)
Atom type Description Atom type Description
Basic Atom Types
c sp2 C in C=O, C=S o sp2 O in C=O, COO-
c1 sp1 C oh sp3 O in hydroxyl group
c2 sp2 C, aliphatic os sp3 O in ether and ester
c3 sp3 C
ca sp2 C, aromatic
n sp2 N in amide s2 sp2 S (p=S, C=S etc)
n1 sp1 N sh sp3 S in thiol group
n2 sp2 N with 2 subst. ss sp3 S in -SR and SS
readl double bond s4 hypervalent S, 3 subst.
n3 sp3 N with 3 subst. s6 hypervalent S, 4 subst.
n4 sp3 N with 4 subst. hc H on aliphatic C
na sp2 N with 3 subst ha H on aromatic C
nh amine N connected hn H on N
to the aromatic rings ho H on O
no N in nitro group hs H on S
hp H on P
f any F p2 sp2 P (C=P etc)
cl any Cl p3 sp3 P, 3 subst.
br any Br p4 hypervalent P, 3 subst.
i any I p5 hypervalent P, 4 subst.
Special Atom Types
h1 H on aliphatic C with 1 EW group; cc(cd) inner sp2 C in conj. ring systems
h2 H on aliphatic C with 2 EW group; ce(cf) inner sp2 C in conj. chain systems
h3 H on aliphatic C with 3 EW group; cp(cq) bridge aromatic C
h4 H on aromatic C with 4 EW group; cu sp2 C in three-memberred rings
h5 H on aromatic C with 5 EW group; cv sp2 C in four-memberred rings
cx sp3 C in three-memberred rings
cy sp3 C in four-memberred rings
n aromatic nitrogen pb aromatic phosphorus
nb inner sp2 N in conj. ring systems pc(pd) inner sp2 P in conj. ring systems
nc(nd) inner sp2 N in conj. chain systems pe(pf) inner sp2 P in conj. chain systems
sx conj. S, 3 subst. px conj. P, 3 subst.
sy conj. S, 4 subst. py conj. P, 4 subst.
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2 ????
ri(t+ h) = ri(t) + hvi(t) +
h2
2!mi
f i(t) +
h3
3!mi
df i(t)
dt
+O(h4) (2.44)
ri(t  h) = ri(t)  hvi(t) + h
2
2!mi
f i(t) 
h3
3!mi
df i(t)
dt
+O(h4) (2.45)
???????dr(t)dt = v(t) ????? r(t) ??????????? (2.37) ??????????
?? 2??????????????? (1=2)ri(t  2h)  (1=2)ri(t  2h)???????????
????????
ri(t+ h) = ri(t) + h

ri(t)  ri(t  2h)
2h
+
h
mi
f i(t) + f i(t  h)
2

+
h2
2mi
f i(t) (2.46)
???????ri(t  hh)??? t  h????? Taylor???????
ri(t  2h) = ri(t  h)  hvi(t  h) + h
2
2!mi
f i(t  h) 
h3
3!mi
df i(t  h)
dt
+O(h4) (2.47)
ri(t) = ri(t  h) + hvi(t  h) + h
2
2!mi
f i(t  h) +
h3
3!mi
df i(t)
dt
+O(h4) (2.48)
?????????????
ri(t)  ri(t  2h)
2h
= vi(t  h) (2.49)
??????? vi(t  h)??? t????? Taylor??????????
vi(t) = vi(t  h) + h
mi
f i(t) + f i(t  h)
2
(2.50)
????????????????? f i(t)?????? f i(t   h)? Taylor?????????
???????????? (2.46)???????
ri(t+ h) = ri(t) + hvi(t) +
h2
mi
f i(t) +O(h
4) (2.51)
???????????????????????????????????? (2.51)?? (2.50)
????????????????????????????? Verlet????????? Verlet
?? Verlet????????????????????????Verlet???? (2.44)?? (2.45)
?????????????????????????????????????????????
????????????????????????? Verlet?????????????????
?????????????????????????????????????????????
????????????????????
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2.2 ?????
????
?? Verlet ??????????????????????????????? Taylor ???
?? t ???? t + h=2 ??????t + h ? t ????????????????? (2.44) ??
(2.45)???? t! t+ h=2?h! h=2????
ri(t+ h) = ri(t+ h=2) +
h
2
dri(t+ h=2)
dt
+
h2
22  2!
d2ri(t+ h=2)
dt2
+
h3
23  3!
d3ri(t+ h=2)
dt3
+   
(2.52)
ri(t) = ri(t+ h=2)  h
2
dri(t+ h=2)
dt
+
h2
22  2!
d2ri(t+ h=2)
dt2
  h
3
23  3!
d3ri(t+ h=2)
dt3
+   
(2.53)
????? h3 ??????????????? 1?????????????????
ri(t+ h) = ri(t) + hvi(t+ h=2) +O(h
3) (2.54)
????????????? t?????? t+ h=h? t  h=2????????????????
?? 1????? f i ??????????
vi(t+ h=2) = vi(t  h=2) + h
m
f i(t) (2.55)
??????????? (2.54)?? (2.55)?????????????????????????
????????????????? Verlet????????????????????????
???????????????
???????? t???????????????????????????????????
f i(t) =
vi(t+ h=2) + vi(t  h=2)
2
(2.56)
??????????????????????????????????? vi( h=2)?????
??????? (2.55)?? (2.56)??
vi(t  h=2) = vi(t)  h
2m
f i(t) (2.57)
??????????????? vi(0)????????
2.2.3 ???????
??????????????????????????miai = f i ????????? N??
??????? E????? V ??????????????????????????????
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2 ????
?????????????????????????????????????????????
?????????????????????????????????????????MD ?
????????????????????????????
??????????????????????????????????? (??)?????
??????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????
????????? 1:?????????
?? T ??????????????????K ??????????????
hKi =
*
NX
i=1
p2i
2mi
+
= 3N
kBT
2
(2.58)
??? pi ???????? i??????????????????? kBT=2?????????
?????????????????????????????????????????????
??????? T ???????????
T =
2hKi
3NkB
(2.59)
???????????? 3N ??????????????????????????????
3N ? 3N   6?????????????????? 3N ??????????????????
????
K =
NX
i=1
pi  pi
2mi
(2.60)
?????????????????????????????? T ?????????????
?????????????????????????????????????????????
????????????????????????????????????????????
????????? s?
s =
r
Tc
T
(2.61)
??????????????????? v0 = sv ???????????????????? Tc
??????
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2.2 ?????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????
????????? 2:??????
????????????????????????????????????????????
?????????????????
?????????????????????? & ???????????????? & ????
???????????????????
dt = &dt0 (2.62)
??? t?????????t0 ???????????????????????0????????
??????????????????????????
q0i = qi (2.63)
p0i =
pi
&
(2.64)
????qi ??? i????pi ??? i????????????? Hamiltonian
H =
NX
i=1
p0i  p0i
2mi&2
+ U(q01;    ; q0N ) +
p02s
2Ms
+ (3N + 1)kBT ln & (2.65)
?????????????????????????????????????????????
????Ms ?????????????????????p0s ????????????????
?????????????????????????????????????????????
? T ?????????????????????????????????? Hamiltonian??
???????????????????
dqi
dt
=
dt0
dt
dq0i
dt0
= &
@H
@p0i
= &
p0i
mi&2
=
pi
mi
(2.66a)
d&
dt
=
dt0
dt
d&
dt0
= &
@H
@p0s
= &
p0s
Ms
= &
ps
Ms
(2.66b)
dpi
dt
=
dt0
dt
d
dt0

p0i
&

= &

1
&
dp0i
dt0
  p
0
i
&2
d&
dt0

= &

 1
&
@H
@q0i
  p
0
i
&2
@H
@p0s

=   @U
@qi
  pi
ps
Ms
(2.66c)
?????
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2 ????
dps
dt
=
dt0
dt
dps0
dt0
= &
@H
@&
=  &
0@  NX
j=1
p0j  p0j
mj&3
+
(3N + 1)kBT
&
1A
=
NX
j=1
pj  pj
mj
  (3N + 1)kBT (2.66d)
?????????????????????????????????????????????
??????????????? (NVT)??????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????
_qi =
pi
mi
(2.67a)
_pi =  
@U
@qi
  pi
ps1
M1
(2.67b)
_&1 =
ps1
M1
(2.67c)
_ps1 =
NX
j=1
pj  pj
mj
  (3N + 1)kBT   ps1
ps2
M2
(2.67d)
...
_&k =
psk
Mk
(2.67e)
_psk =
 
p2sk 1
Mk 1
  kBT
!
  psk
psk+1
Mk+1
(2.67f)
...
_psn =
p2sn 1
Mn 1
  kBT (2.67g)
&1 ????????????????????????????????????????????
????? Hoover??????
????????? 1:Andersen???
??????????????????????????
P =
N
V
kT +
1
3V
*X
i<j
qij  f ij
+
(2.68)
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2.2 ?????
??? qij = qi   qj?f ij ??? j ??? i????????????????????????
????????????????????
???????????????????????????????????????????
?????????????????????????? Andersen??????????????
????????????????????????????????????????????
???
????????????KV ?????????
KV =
M _V 2
2
(2.69)
M ????????????????????????????????? V ?????????
?????????????????????V ????????????????? UV ?
UV = PV (2.70)
????P ????????????????????????????????????????
???????????????????????????
????????????????????
q0i =
qi
V 1=3
(2.71)
?????????????????????? Hamiltonian?
H =
NX
i=1
p0i  p0i
2miV 2=3
+ U +
p02v
2Mv
+ PV (2.72)
?????????? U ?????????????????pv ?????????????p0i ?
?? i?????????????????
p0i = V
1=2pi (2.73)
??????????????Hamiltonian????????????
dq0i
dt
=
@H
@p0i
=
p0i
miV 2=3
(2.74a)
dp0i
dt
=  @H
@q0i
=
@U
@q0i
(2.74b)
dV
dt
=
@H
@pv
=
p0v
Mv
(2.74c)
dpv
dt
=  @H
@V
=
1
3V
NX
j=1

p0j  p0j
mjV 2=3
+
@U
@q0i
 q0i

  P (2.74d)
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2 ????
??????????????
dqi
dt
=
pi
mi
+
qi
3V
dV
dt
(2.75)
dpi
dt
=   pi
3V
dV
dt
  @U
@qi
(2.76)
dV
dt
=
pv
Mv
(2.77)
dpv
dt
=
1
3V
NX
j=1

pj  pj
mj
+
@U
@qj
 qj

  P (2.78)
?????????????????????????
????????????????????????????????????????????
???????
pi
V 1=3
  qi
3V 4=3
dV
dt
(2.79)
??????? p0i ????????????? Hamiltonian?
P
qi _V ????????????
????????????????????? Hamiltonian?????????? Andersen??
??????? Hamiltonian?????????????????????
????????? 2:Parrinello-Rahman???
Parrinello-Rahman???? Andersen???????????????????Andersen??
?????????????????????????????????????????????
?????????????????????????????????????????????
????? a; b; c??????? h^
h^ =
0B@ a
T
bT
cT
1CA (2.80)
????
qi = h^q
0
i (2.81)
?????????Hamiltonian?
H =
NX
i=1
pi  pi
2mi
+ U +
Mv
2
tr(
_^
hT
_^
h) + PV (2.82)
??????? q0i ? h????????? p0i ? ph ?
p0i = mih^
T h^ _q0i (2.83)
ph =Mv
_^
h (2.84)
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2.2 ?????
????????????????????????????
dq0i
dt
=
@H
@p0i
=
1
mi
G^ 1p0i (2.85a)
dp0i
dt
=  @H
@q0i
=
NX
j=1;j 6=k
@ujk
@qjk
G^q0jk
jh^q0jkj
(2.85b)
dh^
dt
=
@H
@ph
=
ph
Mv
(2.85c)
dph
dt
=
@H
@h^
=  
NX
j=1
1
mj
f(h^T ) 1p0jg 
 f(h^T ) 1p0jg(h^T ) 1
 
NX
j=1
NX
k>j
@ujk
@qjk
jh^q0jkj
(q0jk)
 q0jk   PV (h^T ) 1 (2.85d)
???
G^ = h^T h^ (2.86)
???????a
 b???????????????????????
a =
0B@ axay
az
1CA ; b =
0B@ bxby
bz
1CA ??? a
 b =
0B@ axbx axby axbzaybx ayby aybz
azbx azby azbz
1CA (2.87)
?????????????
dqi
dt
=
pi
mi
+
qhh^
 1qi
Mv
(2.88a)
dpi
dt
=
NX
j=1;j 6=k
@ukj
@qkj
qkj
qkj
  (h^
T ) 1pThpi
Mv
(2.88b)
dh^
dt
=
ph
Mv
(2.88c)
dph
dt
=
NX
j=1
1
mj
(p0j 
 p0j)(h^T ) 1  
NX
j=1
NX
k>j
@ujk
@qjk
q0jk
fq0jk 
 q0jkg(h^T ) 1   PV (h^T ) 1 (2.88d)
??????
????????????????????????????????????????????
????????????????????????????????????????????
???
???????????????????
????????????????? (NPT)????????????????????????
??????????????????????????????????????? Hamiltonian
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2 ????
????????????????????????? Parrinello-Rahman??????????
????????????????????????????????????????????
dqi
dt
=
pi
mi
+
qhh^
 1qi
Mv
(2.89a)
dpi
dt
=
NX
j=1;j 6=k
@ujk
@qjk
qjk
qjk
  pi
ps
Ms
  (h^
T ) 1pThpi
Mv
(2.89b)
d&
dt
= &
ps
Ms
(2.89c)
dh^
dt
=
ph
Mv
(2.89d)
dps
dt
=
NX
j=1
pj  pj
mj
  (3N + 1)kBT (2.89e)
dph
dt
=
NX
j=1
1
mj
(p0j 
 p0j)(h^T ) 1  
NX
j=1
NX
k>j
@ujk
@qjk
q0jk
fq0jk 
 q0jkg(h^T ) 1   PV (h^T ) 1 (2.89f)
2.2.4 ????????????
????MD?????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
????????????MD??????????????????????????????
????????????????111?
????????????????????????????????????????????
??????????
 ????????MC/MD(McMC/MD)?
 ???????????? (ES)?
 ???? (ST)?
 ?????? (RE)?
and etc.
????????????????111????????????109??????????????
??????????????????????MD???????????????????
??????????????????MD???????????????????????
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2.2 ?????
??????? (RE?)????????????????????????????? (MC)?
???????????????????? Swendsen?Wang???? 1986?????? Ising
???????????????112???????????????????????????
????????????????????????????????????????????
?? 1991 ?? Geyer ??????????113??????? 4 ??????????????
??????????????????????? RE ??????????????? parallel
tempering?????????????RE???????????????? 1996????114?
??????
RE?????????????????????
?? V ? N ??????????????????????RE??????????????
????M ? (=??)?????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
???
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????? Fig.2.1?????????
? 2.1 ?????????????? (???? 113, Fig.1????)
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2 ????
M ??????????????????????????????????????????
?????? M ???????????????????RE ???????????????
???????????????????????113?????????????????? RE
?????????????????RE????????? 1=M ???????????????
?????????????????????????????????????????????
??????MC?
RE ?????? MC ???????????????????????????? REMC ?
????????????????? V ? N ????????????????????????
????????? M ?????????????????????????????????
????????????????????????????????????????????
????????????????? 1 ? 1 ???????????????????????
i = 1;    ;M???????????m = 1;    ;M ?????????????????????8<:i = i(m) = [m] m???????m = m(i) = [i] i??????? (2.90)
?????????????????????????????????????????????
??????????????????????????
M ???????????????????????????????????????????
??????????????????? m(= 1=kBTm)????????? ri(= r[m] = ri(m))
?????R = f1r[1];    ; Mr[M ]g????????????????????????????
? R ????? (Markov???????) ????????WRE(R) ????????????
??????? Boltzmann???????????????????
WRE(R) / exp
(
 
MX
i=1
[i]U(r
i)
)
= exp
(
 
MX
m=1
mU(r
[m])
)
(2.91)
??? U ??????????????????????
??????????????? Tm ? Tn ????????????????????????
?????????
R = f   ; mr[m];    ; nr[n];    g ! R0 = f   ; mr[n];    ; nr[m];    g (2.92)
???????????????? Tm ??????????????????????? Tn ?
???????????????? Tn ????????? Tm ????????????????
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2.2 ?????
???? R?? R0 ???????????? P (R0 j R)???????????????????
????
P (R0 j R)WRE(R) = P (R j R0)WRE(R0) (2.93)
?????????????????????????????????????????????
2.91?????????????????????????????? 2.93??????
P (R0 j R)
P (R j R0) =
WRE(R
0)
WRE(R)
=
exp[ mU(r[n])] exp[ nU(r[m])]
exp[ mU(r[m])] exp[ nU(r[n])]
= exp[mn] (2.94a)
mn = (m   n)[U(r[m])  U(r[n])] (2.94b)
??????????  ?
  min[1; exp(mn)] (2.95)
???????????????????????????????
?????????????????????? Tm; (T1 < T2 <    < TM )??????? (a)?
(b)????????????????
(a) ???????????????????????????????? MC???????
???
(b) ?????????? tRE ????????????????? [m]?????????
????[m+ 1]? [m  1]??????????????????????
?????????? exp(mn)????????????????????????? n = m1
??????? m  n ????????????????????????????? Fig.2.2?
????
??????MD?
REMD?????? REMC????????????MC????MD??????????
??????MD???????????????????? r ????????????? p?
?????????????REMD????????????????115???????????
??????????????????????
????????REMC????????????????????????????????
??? x[m]m = xi(m)m  (ri(m); pi(m)m )?????X = fx[1]1 ;    ; x[M ]M g?????????????
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2 ????
? 2.2 ????????????????????????????????????????
???MC???????????????(???? 113, Fig.2????)
????? X ???????????????????????
WRE = exp
(
 
MX
i=1
[i]H(x
i
[i])
)
= exp
(
 
MX
m=1
mH(x
[i]
m)
)
(2.96)
??? H ????????????????????????????????? Tm ? Tn ??
??????????????????????????
X = f   ; x[m]m ;    ; x[n]n ;    g ! X 0 = f   ; x[n]m ;    ; x[m]n ;    g (2.97)
?????????????????????????????8<:x
[m]
m  (r[m]; p[m]m )! x[n]m  (r[n]; p[n]m )
x
[n]
n  (r[n]; p[n]n )! x[m]n  (r[m]; p[m]n )
(2.98)
?????????? 8<:p
[n]
m =
q
Tm
Tn
p
[n]
n
p
[m]
n =
q
Tn
Tm
p
[m]
m
(2.99)
????????????????????????????? P (X 0 j X)??????????
???
P (X 0 j X)WRE(X) = P (X j X 0)WRE(X 0)
P (X 0 j X)
P (X j X 0) = exp

 mU(r[n])  mTm
Tn
K(p[n]n )  nU(r[m])  n
Tn
Tm
K(p[m]m )
+mU(r
[m]) + mK(p
[m]
m ) + nU(r
[n]) + nK(p
[n]
n )
o
=exp(mn) (2.100a)
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2.2 ?????
mn = (m   n)[U(r[m])  U(r[n])] (2.100b)
????REMC???????????????  ?
  min[1; exp(mn)] (2.101)
???????????????????????
????????? REMC??????????????? Tm; (T1 < T2 <    < TM )???
???? (a)?(b)?????????
(a) ?????????????????????????????????MD??????
????
(b) ?????????? tRE ????????????????? [m]?????????
????[m+ 1]? [m  1]????????????????????? 2.97-2.99?????
??????
????????????????????????????????????????????
???RE????????????????????????????????????????
?????????????? A??? Tm; (m = 1;    ;M)????????
hAiTm =
1
Nsim
NsimX
t=1
A(r[m](t)) (2.102)
?????????????????? m?????????????????????????
???????????????????????????????????????????M
???????????????????????? REMD?????????????????
????????????????????????????????????????????
?????????????????????????????????????REMD????
?????????????????????????????????????????????
??????113?
?????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
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2 ????
?????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????Fig.2.3???????????????? N
? 2.3 5???????????????????????????????????????
???????????????????(???? 113, Fig.3????)
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
???????????????????????
?????? REMC?????114????? m+1 = m +  ????? 2.94b???????
?????????
(m+1)m = (H(x
[m+1]
m+1 ) H(x[m]m ))  2
d
d
E (2.103)
??????????????????????? [m]??? x[m]m ??? Tm ?????????
???????????????????????? H(x[m]m )????????????????
????
E(m) =
Z
H(x[m]m ) exp( mH(x[m]m ))dx[m]m (2.104)
???????????? ??????????????????????????
E(m+1)  E(m) = E(m+1)  E(m)

  d
d
E (2.105)
????? E ??????????????????????????????????????
?? N ???? E  O(N)????????????????????????????????
???   O(1)?????????????????  ? 1=pN ??????????????
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2.2 ?????
?????????????????????????????????? (TM   T1)= ??
p
N
?????????
??????????????????????????????116?? 2.94b???????
?? [m]??? r[m] ?????????
wm(r
[m]) = w(r[m];m) = exp[ mU(r[m])] (2.106)
?????????????????? m(m+1) ??????????
hm(m+1)i =
Z
dr[m]dr[m+1] wm(r
[m])wm+1(r
[m+1]) ln

wm(r
[m+1])wm+1(r
[m])
wm(r[m])wm+1(r[m+1])

=  
Z
dr wm(r) ln
wm(r)
wm+1(r)
+
Z
dr wm+1(r) ln
wm+1(r)
wm(r)

(2.107)
?????????????? fg???Kullback-Leibler?????D(wm jj wm+1)+D(wm+1 jj
wm)?????????????????????  ?????m = m+1   m ???????
??????????????
hm(m+1)i   I(m)2m (2.108)
??? I(m)?
I(m) =  
Z
dr wm(r)
@2 lnwm(r)
@2

=m
=

@2 lnwm(r)
@2

=m
(2.109)
?????? Fisher ??????????????? h   i=m ????? wm(r) ??????
???????? Boltzmann????????????????Fisher??? I(m)? m ???
????????? 2E = dhEi=d ???????????? CV = (=N)2E ????????
??????????????? Z()???????????????
I(m) =
@2 lnZ()
@2

=m
= 2E = N
CV
2m
(2.110)
??? m ????????????????????????
I(m)
2 = const: (2.111)
??????????
m /
p
I(m) 1 =
q
 2E =
mp
NCV
(2.112)
????? 2.112?????????????????????????????????????
?? CV ?????????????????????? N ???????????????
p
N
?????????????????????????????
p
N ?????????????
2E ???? I(m)????????????????????????????????????
????????
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43
? 3?
?????????????????
3.1 ?? Au6 ???????????????
3.1.1 ??
poly(N-vinyl-2-pyrrolidone) [PVP;(C6H9ON)n] ??????? Au NC (Au:PVP) ?????
???????????p-hydroxybenzyl alcohol (p-HBA) ?????????????????
?????????
(3.1)
Au:PVP ??????????????53?????????????103???Au NC ????
? PVP???????????????????Au NC?????????????????Au
NC??????????????????????????????Au NC?????????
?????????????????????????????????????????? Au 8
? Au 20 ?????????????????117,118???????? Au NC?? methanol??
???????????????????? Au NC?????????????????????
????????????????????????????? Au NC??? p-HBA?????
???????????? Au6 ?????????????????????????
3 ?????????????????
? 3.1 ???????????????????
3.1.2 ?????
Au NC??? p-HBA?????????????????Au6 ??????????????
?????????????????????????????????????????????
??????????????????? PBE0?????????? DFT??????????
??????????????????? (ECP)????????????? (LANL2DZ)???
????????????????????6-31+G(d)???????????????????
?????????????????????????????????????????????
?????????????????? (IRC)??????????????????Gaussian09
??????????119????????
3.1.3 ?????
??????? 3.1???????????????????????????????????
?????????
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3.1 ?? Au6 ???????????????
? 3.2 (a) ??????? p-HBA ?????????? HOO ?????????????
???????????????(b) ??????? p-HBA ??????????????
p-hydroxybenzyl aldehyde????????????????????????? 298 K??
??G????????????????????????? Au?O?H?C???????
???????????? (A??)? O2 ??Mulliken????? (???)?????
??????? p-hydroxybenzyl alcohol ?????????????? p-hydroxybenzyl aldehyde
???
Au NC??? p-HAB??????????????????????Au NC????????
???? (OOH )????????????????????????????????????
????? 3.2(a)???????????????????????????? p-HBA? O2 ??
Au6 ?????????????????? (? 3.2(a)3R1)?????p-HBA? 1???????
?? C-H???????????????????????? (? 3.2(a)3TS1)?????????
????????????????? 15.0 kcal/mol ????????????????????
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3 ?????????????????
? 3.3 O2 ??? p-hydroxybenzyl alcohol ????????????? hydride ?????
???? p-hydroxybenzyl aldehyde ??????????????????????????
??? 298 K????G????????????????????????? Au?O?H?
C??????????????????? (A??)? O2 ??Mulliken????? (???)
?????
? Au6 ??????????? (? 3.2(a)3P1)?????????????? (? 3.2(a)1P1)??
???????????????????????????? (? 3.2(b)3TS1)?????????
(? 3.2(e)1TS1)?????????????????????????????????????
??????? (ISC)??????
Au6 ????????????????????????????????????? p-HBA?
Au6OOH
  ?????????? (? 3.2(b) R2)???????????????? p-HBA? 1?
??????????????OOH?????????? (? 3.2(b)TS2)???????????
?????29.6 kcal/mol????OOH???????????? 15.0 kcal/mol???????
????????????????????????????????????????????
??? 3.2(b)????????????p-hydroxybenzyl aldehyde????????????Au6
??????  2???????????? (? 3.2(b)P2)?
O2 ??? p-hydroxybenzyl alcohol ????????????? Au6 ????????
p-hydroxybenzyl alcohol??? hydride????????? p-hydroxybenzyl aldehyde???
????? hydride??????????????????? p-hydroxybenzyl aldehyde???
???????????????????????????? 3????????p-HBA???O2
46
3.1 ?? Au6 ???????????????
????????p-HBA??? hydride???H2O2 ???? 3??????p-HBA??? O2 ?
?????????????????????????????????? 3.3?????????
??????????????????????? 3.3???? 3R1?3TS1?1P1??? 3.2(a)?
??? 3R1?3TS1?1P1??????????????
???????? p-HBA ? 1 ?????????????? hydride ????????
Au6OOH
  ???????????????????? 3.3 ???????????????
??? 6.2 kcal/mol?????????????????? 3.3 P03????????HOOAu6H 2
????????????????????p-HBA ? O2 ?????????????????
????????? H2O2 ? Au6 ????????????????? 2 ??????????
???????? Au6 ?????????????????????????????? (? 3.3
TS04)????? H? HOO?? Au6 ????? H2O2 ??????? (? 3.3 TS05)??????
????????????????? 10.3?24.1 kcal/mol?????????? Au6 ??????
?? hydride???????????????????????????????????????
?? H2O2 ????????????????????????????????????????
???????????hydride????? Au6 ??? p-hydroxybenzyl aldehyde???????
?????????????
hydride?????? p-hydroxybenzyl aldehyde??
????? p-HBA??? hydride???O2 ? H  ????????????????????
H2O2 ??????3 ??????????????????????????????????
3.4?????????? 3.4??? R03?TS03?P03?R03?TS04?IM0?TS05?P04??????
???? 3.3? R03?TS03?P03?R03?TS04?IM0?TS05?P04???????Au6 ??? p-HBA
??? hydride????????????????????? (? 3.4? TS01)??????? 9.0
kcal/mol???????????????????? hydride?? (? 3.3TS03)????????
? 6.2 kcal/mol??????????????????????????????????????
Eley-Rideal(ER)????????????? Au6 ?????????? OOH????????
???????????? (? 3.4 3R02?3TS02?3P02?1P02)?????Au6-H?? O2 ?????
????????????????????? 12.1 kcal/mol????HOO????????? 1
????????HOO??????????????????HOO??????????? ISC
???? Au 6 ? OOH ??????????????????????HOOAu 6 ????? (?
3.4? 1P02)????OOH????????????????????? p-HBA?? hydride?
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3 ?????????????????
? 3.4 p-hydroxybenzyl alcohol ??? hydride ????????? p-hydroxybenzyl alde-
hyde????????????????????????????? 298 K???? G??
??????????????????????? Au?O?H?C?????????????
?????? (A??)? O2 ??Mulliken????? (???)?????
????Au6 ??????? H2O2 ????????????????????????????
?????????????????????????????????????????????
??????????????
Au6 ???????????????
? 3.5 (a) ? 3.2 P2 ? Au 26 ???????? H2O2 ????? (b) ??? 3 ??????
?????? H2O2 ?????????????????????? 298 K ?? G ????
???
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3.1 ?? Au6 ???????????????
? 3.1 Au6 ????????? OH 
????????
Model R(Au-O),A Eads
a),
kcal/mol
Au6OH
  2.02 53.3
Au6OH
 -3H2O 2.06 16.2
Au6OH
 -3H2O
(pcm)
2.09  0.1
a) Eads = E(Au6OH
 ) + E(OH -3H2O)  
E(Au6-OH+3H2O) in G(298.15K).
? 3.2 ?????Au6 ???????
?? OH  ???????? a).
Model R(Au-O),A Eads
b),
kcal/mol
Au6OH
  2.02 58.3
Au6OH
 -3H2O 2.06 23.6
Au6OH
 -3H2O
(pcm)
2.09 1.9
a) ? 3.6(c)? (d)???????
b) Eads = E(Au6OH
 ) + E(OH -3H2O)  
E(Au6-OH+3H2O) in G(298.15K).
? 3.2 P2?? 3.3 P04????????Au2 6 ???????????????????????
????????????? H2O2 ? Au2 6 ??????????????????????Au6
???????? H2O2 ????????? 3.5(a)????????? 3.2 P2? Au2 6 ?????
? H2O2 ??? 2????????????????????????Au6 ??? p-HBA???
????????????????????????????????????????3????
?? H2O2-Au2 6 ????????????????????????????????????
??????? H2O2 ??OH  ? Au6-OH  ????????????????????? 3.5(a)
??? H2O???????????????????? (? 3.5(b))????Au6 ????????
OH  ???????????????? 3.1???????????????OH  ? Au6 ???
?????????????53.3 kcal/mol???????Au6 ??????? OH  ??????
?????????????????????????????Au6 ???????? OH  ???
?????????????????????????????Au6 ???????? OH  ???
???????????????????????? (PCM)? Au6OH -3H2O????????
????????OH  ? Au6 ???????????????? 0.1 kcal/mol????????
???????????????????????????????? Au2 6 ?????????
?????? (? 3.3 P04)???H2O2 ????????????????? 3.2?? 3.6????
?????? Au6 ??????? H2O2 ???? OH  ??????? Au6 ??????????
?????????????OH  ???????? Au6 ??????? Au6 ??????????
???????????????OH  ??Au6 ???????????????????????
?????????
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3 ?????????????????
? 3.6 ???????? Au2 6 ???????? H2O2 ????????????
(a)[H2O2-3H2O-Au6]
2  ??????(b)[H2O2-3H2O-Au6]2  ??????(c)[HOAu6]  ?
?????(d)[HO-3H2O-Au6]  ????????? (A??)???????? (298 K???
? G[kcal/mol])?????????
Au6 ????????????? Au6 ???????? p-hydroxybenzyl alcohole???????
??
??? Au6 ??????????????????????????Au6 ??????????
???? p-HBA? hydride????????????????????????????????
??????????????????????????? Au NC????????PVP???
?????????Au NC????????????????Au NC????????????
?????????????????????????????????????????????
???????Au NC??????????????????????????
3.1.4 ??
??????3????????????????????????? 3.2? 3.3?3.4?????
???????????????????? p-HBA?????????p-HBA??? hydride?
????????????????????????????????????????????
????????????3????????????????????????????????
?????????????????????H2O2 ?????????????????????
??hydride????????????????????O2 ??? p-HBA??????????
???????????????????????????p-HBA??? hydride???????
?????????????????????????????????????????????
???????????????? Au2 6 ?????????????????????? 2 ??
OH  ?????????????? Au6 ? OH  ??????????????????????
???????????????? OH  ??????????????????????????
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3.2 ?? Au6 ???????? allyl alcohol????
??????????????????????
3.2 ?? Au6 ???????? allyl alcohol????
3.2.1 ??
allyl alcohol??????????????????????????????????????
?????120,121??????????? 2?????????????????????????
????????????allyl alcohol??????1?????????????????????
???????????Ru? Rh??????????????120{130????????????
???? allyl ester????????????????????????122??????????
???????131{136??????? H2 ????????????????? H2 ?????C=C
????????????????????????????
?????????????????????????????O2 ??????? Au NC??
????????????????137{139?Au????????? (hydrogen-borrowing)???
??? One-pot?????????????????????????????????????
???????????????????????????140{143??????trans-2-octen-1-ol
? Au NC ???????????????????144???????????????????
????Au NC??????????????????????????????????? Au
???????? trans-2-hexen-1-ol? hexanal??????????????????
3.2.2 ????
allyl alcohol??????????????Au6 ?????? Au NC????????????
?????????????????????????????????????????????
????????????????trans-2-hexen-1-ol?????????????????????
???????? B3LYP?????????? DFT????????????????????
??????? (ECP) ??????????? (SSD) ???????????????????
??? 6-31+G(d)????????????????????????????????????
????????????????????????????????????????????
?? (IRC)??????????????????Gaussian09??????????119????
????
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3 ?????????????????
? 3.7 ???????????????????
3.2.3 ?????
??????? 3.7???????????????????????????????????
?????????
??????Au6 ? trans-2-hexen-1-ol??????????????????? 3.8 IM1??
??????????????????? Au6 ??????????????????????
????5.78 kcal/mol????trans-2-hexen-1-ol?????????????? OH?????
??????????????????????????? 3.8??????? (IM1?? IM2?
?)????????????????????? 52.3 kcal/mol???????? H??????
???? Au???????????????????????????????????????
????????????? 3.8 ????? (IM2 ?? IM3 ??)???????????? 43.0
kcak/mol????Au6 ????????????
3?????????????? Au6 ???????????????????????????
??????? 3.9???????????????Au-O-Au?????? Au-O? Au-H? 2?
?????????? (IM3?? IM4??)????????????????12.2 kcal/mol??
???????????? 3.9??? (IM4?? IM5)??????????? 1?? C?????
?????????????????????
????Au6 ??????????????????????????????? 3.10????
52
3.2 ?? Au6 ???????? allyl alcohol????
? 3.8 IM1?? IM3?????????????????????????????????
?????????????????????????
? 3.9 IM3?? IM5?????????????????????????????????
?????????????????????????
?????? (IM5?? IM6??)?????????????????????????????
????????????? 3.10????????????????????? (IM6?? IM8)?
???????????????????? 3 ?? C ?????????????????15.5
kcal/mol????????????????? Au6 ?????????????????????
???????????????????? (IM8)?
????????????????????????????????????????????
???????????? 3.11 ??????????????????????????????
33.0 kcal/mol??????????????????????????????????????
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3 ?????????????????
? 3.10 IM5 ?? IM8 ????????????????????????????????
?????????????????????????
? 3.11 IM8?? IM11????????????????????????????????
?????????????????????????
?? OH??????????????????????? 3.11 IM10????????????
?? Au6 ?????????????? (2D)??????? (3D)???????????
???????????????????????????????????? 3.11?????
??????????Au6 ?????????????????????????????????
?????????18.8 kcal/mol????
?????Au6 ?????????????????????????????????????
???????????????????????????????? 3.12?????
?????????Au6 ?????????????????????????16.1 kcal/mol?
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3.2 ?? Au6 ???????? allyl alcohol????
? 3.12 IM11 ?? IM13 ???????????????????????????????
??????????????????????????
? 3.13 1-hexen-1-ol???????????????(a) enol?? (b) keto-enol?????
? TS?(c) keto??
??????????????????????????????????Au6 ?????? enol
????????????????? keto-enol????????????????6??????
??????????????????? (? 3.13)??????????????18.9 kcal/mol?
???????keto????? enol???????????????????????
????????Au NC ???? allyl alcohol ?????????????????????
???????????????????????????????????????????
??????Au6 ???????? trans-2-hexen-1-ol ???????????????????
trans-2-hexen-1-ol? OH?????????????????????
??????????????????????????? Au6 ??????????????
??????????????Au+6 ??????? trans-2-hexen-1-ol? OH?????????
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3 ?????????????????
???????49.4 kcal/mol???????????????????????????????
?????????????????????????????Au6 ??????????????
?????????????
??????? Au6 ???????????????Au?????????????Au NC?
????????????????????????????Au NC?????????????
?????????????????????????????????????????????
???????????????????????????????????????????Au
NC ??????????????????????????????????????????
????????????????????? Au NC????????? allyl alcohol?????
?????????????????????????????????????????????
?????????????????????????????????????????Au NC
?????????????????????????????????????????????
?????????????????????????????glucose? OH??????????
???????????????? Au NC????? glucose????????????????
????????????????????????????????????????????
???????????????????????????? Au NC?????????????
??????????????????????????????????????????? Au
NC???????????????????????????????????????????
????????????????trans-2-hexen-1-ol? OH?????????????????
??????????????? Au NC??????????????????????????
?????????
Au NC??????????????????allyl alcohol? OH?????????????
??????????? Au NC??????????????????????????????
???????
3.2.4 ??
Au6 ???????? allyl alcohol ????????????????????Au NC ??
?????????????????? Au6 ???????????????????????
??????????? allyl alcohol(2-hexen-1-ol) ? OH ????????????????
enol(1-hexen-1-ol)?????????????1-hexen-1-ol?????????????????
???????????????????????????????? allyl alcohol?OH????
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3.2 ?? Au6 ???????? allyl alcohol????
?????????????????Au6 ??????????? allyl alcohol????????
??????????????????????? allyl alcohol? OH????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
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? 4?
??????????????????
??????
4.1 Au:PVP? Au:PAA????????: ????????
4.1.1 ??
?????????????????????? Au NC???????? Au:PVP?????
?? p-HBA??????????????????????????????????55,145??
?????????????????? NC ????????????????????????
??????????????? (? 1.4)52{55,93{95,99??????????????? Au NC?
???????? Au NC???????????????????????55?Au NC????
???????????????????????????????????????103????
????????????? PVP?????? (ethylpyrrolidone; EP)?? Au13 ???????
Au13-EP4 ???????? O2 ???????????????????PVP ? Au NC ???
??????????????????? Au NC??????????????????????
?????
??????????????????????????????????????????NC
???????? Au ????O2 ?????????????????????????????
?????????????????????????????????????????????
??104????????????? Au NC???????? Au:PAA??Au:PVP??????
? p-HBA????????????????????????????? Au:PVP??????
??55?
4 ????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
????????? DFT??????????Au:PVP? Au:PAA??????
4.1.2 ?????
?????????? Au NC ???????????????? B3LYP ?????????
??? DFT ?????????????????????????????? (ECP) ????
??????? (LANL2DZ) ?????????????????????? 6-31G(d) ????
???????????? O ??????? 6-31G(d) ??????????????????
??Au???cuboctahedral?? Au13?ethylpyrrolidone (EP; C6H11ON)? propaneamine (PA;
C3H7NH2)?Au-EP?Au-PA?Au13-EPm (m = 1; 2; 4)?Au13-PAm (m = 1; 2; 4)?Au13-EPm-O2
(m = 1; 4)?Au13-PAm-O2 (m = 1; 4) ?????EP ? PA????? PVP ? PAA?????
?????????????????????????????????????????????
?????????? O2 ?????????????????????????????????
?????O2 ???????????Au13-EPm ? Au13-PAm ?????????????? O2
???????????????????Gaussian09??????????119????????
4.1.3 ?????
? 4.1 ????????????(a) PA, (b) Au-PA, (c) Au13-PA, (d) Au13-PA4, (e) Au13-
PA-O2, (f) Au13-PA4-O2, (g) EP, (h) Au-EP
a), (i) Au13-EP
a), (j) Au13-EP4
a), (k) Au13-
EP-O2
a), (l) Au13-EP4-O2
a)? a) ???? 103, Fig.1?????
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4.1 Au:PVP? Au:PAA????????: ????????
? 4.1 Au NC ????????Aun ?? Mulliken ??????????????????
(IP)??????????????????? (Ead)?????
Model Gross Mulliken
charge on Aun
IP, eV Eads
a), kcal/mol
Au - 9.42(9.225) -
Au-EP  0:214 b) 7.14 b) 3:93 b)
Au-PA  0:268 6.89 15:1
Au13 - 6.91 -
Au13-EP  0:305 b) 6.16 b) 14:9 b)
Au13-EP2  0:402 b) 5.65 b) 12:2 b)
Au13-EP4  1:100 b) 4.59 b) 10:2 b)
Au13-PA  0:348 6.23 25:0
Au13-PA2  0:658 5.77 23:2
Au13-PA4  1:248 4.83 21:8
Au13-H2O  0:225 6.51 14:2
a) Eads = [fE(Aun)+E(L)mg E(model)]m, L = EP, PA? m
? L????? b)???? 103, Table 1.?????
????????????????????? 4.1?? 4.1????????????Au???
PA ????????????? 15:1 kcal/mol?Au ?????????  0:268 a.u. ?????
??????PA ?? Au ????????????????Au-PA ?????????????
(IP)? 6.89 eV??????????????? Au??? 9.42 eV?????????
Au13-PA ? Au13-PA4 ??????? 4.1 ? (c) ? (d) ?????Au13-PAm (m = 1; 2; 4) ?
Au13 ? PA ???? 1 ???????????????????  25:0? 23:2?21:8 kcal/mol
????????????? Au-PA????????????????????????????
? Au13???????? 0:348? 0:658? 1:248 a.u.????Au-PA????? Au?????
?????????????????????? PA?????????????????????
????Au13-PA4 ??????????? O2 ?????????????????? Au13-PA4
? O2 ?????????????????????????????????????????
O2 ?????????????? 3:04 kcal/mol? 0:167 a.u.????????? Au13-PA4 ??
???????????? O2 ?????????????????
? 4.1? (h)-(j)?? 4.1???????? Aun-EPm ?????????103?????????
?????????Au NC? EP????????????? 15 kcal/mol??????PA? Au
NC????????????
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4 ????????????????????????
? 4.2 Au13-EPm-O2 ? Au13-PAm-O2 (m = 1; 4)?????????????? O2 ???
????? (Ead)
Model sipn state R(Au-O), A R(O-O), A
O2 Triplet - 1.215
Au13-EP-O2 Doublet
b) 3.175 b) 1.218 b)
Au13-EP4-O2 Doublet
b) 2.390 b) 1.263 b)
Au13-PA-O2 Doublet 3.361 1.220
Au13-PA4-O2 Doublet 2.394 1.262
Model Gross Mulliken charge on O2 Ead
a) [kcal/mol]
Au13-EP-O2 0.031
b) 0:73 b)
Au13-EP4-O2  0:164 b) 3:45 b)
Au13-PA-O2 0.002 0:92
Au13-PA4-O2  0:167 3:04
a)Ead = fE(Au13-Lm) +E(O2)g  E(model), L = EP, PA?m? L?????
b)???? 103, Table 2?????
4.1.4 ??
?????Au:PVP????? Au;PAA?????? Au NC???????????????
???DFT ?????????????????????????????????????Au
NC????????????????????????Au????? Au13 ???????PVP
? PAA????????????????? EP??? PA??????????????????
????????????????-?????????????PAA? PVP? Au NC????
??????????????????????????PAA?????????????PVP?
PAA? Au NC?????????????????????????????????????
?????????????????
4.2 Au:PVP? Au:PAA????????: ???????
4.2.1 ??
????? Au NC???????????????? Au NC??????????Au NC?
??????????????????? Au NC???????Au NC???????????
??55,103?Au:PVP ? Au:PAA ???????????????? Au NC ?????????
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4.2 Au:PVP? Au:PAA????????: ???????
?????????????????????????????????????????????
???-??????????? DFT???? PVP? PAA?????????????????
??????????????????
Au NC????????????????????????????????????????
???????????????????? Au NC???????? Au???????????
?????????????????????????????????104??????????
?? Au NC??????????p-HBA??????????? Au NC??????????
??????????????????????
???? 2???????Au:PVP? Au:PAA???????????????????? Au
NC ????????????????????????????????????????DFT
???MD???????????? Au:PVP? Au:PAA????????????
4.2.2 ?????
?????????????????? DFT??
?????????? Au NC ???????????????? B3LYP ?????????
??? DFT ?????????????????????????????? (ECP) ????
??????? (LANL2DZ) ?????????????????????? 6-31G(d) ????
???????????? O ??????? 6-31G(d) ??????????????????
??H2O?Au13-(H2O)m (m = 1; 2; 4)?Au13-EPm(H2O)4 m (m = 1; 2; 3)?Au13-PAm(H2O)4 m
(m = 1; 2; 3)?????EP? PA????? PVP? PAA?????????????????
?????????????????????????????????????????????
??????????????????????????????? Gaussian09???????
???119????????
???????? Au NC????????MD????????
???? MD ????????? Amber14 ?????146????????????????
Amber GAFF?? (Version 1.7, Nov 2013)????????? TIP3P???????????
Au? van der Waals??????????? 147, Table 5?????????????????
??? Au???????????? DFT?????????a)?
a) ?????????
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4 ????????????????????????
? 4.3 MD????????? Au:PVP? Au:PAA???????????????
???? Nwater
Au13(PVP36)1 2284
Au13(PVP18)2 2288
Au13(PVP12)3 2283
Au13(PVP9)4 2282
Au55(PVP100)1 5656
Au55(PVP50)2 5616
Au55(PVP33)3 5604
Au55(PVP25)4 5677
???? Nwater
Au13(PAA36)1 3407
Au13(PAA18)2 3419
Au13(PAA12)3 3399
Au13(PAA9)4 3418
Au55(PAA100)1 5909
Au55(PAA50)2 5929
Au55(PAA33)3 5990
Au55(PAA25)4 5957
?????????Au13(PVPn0)m?Au13(PAAn0)m?Au55(PVPn)m?Au55(PVPn)m (m =
1; 2; 3; 4:n = 100=m; n0 = 36=m)???? 16?????????? n?? n0 ?????????
?????????????????? 4.3??????? TIP3P??????????????
??????????????
???????????????????????????? 5000?????????????
????? 5000??????????? NPT??? 300 K????????????MD???
????????????????? (REMD)148??? NVT ??? 4 ns ??????????
????????????? 36????????? Au13(PVPn0)m ????? Au13(PAAn0)m ?
????? 291 K?? 553 K?Au55(PVPn)m ????? Au55(PVPn)m ?????? 294 K?
? 441 K?????????????????? 300 K?????????????????MD
?????????????? 1 fs?????????????????????????????
?????????????
REMD??? 300K????????????????????? 2ns???????????
?? Au NC ????????????????? (radial occupancy distribution; ROD) ???
?????????
????? r ??????????? V (r)????Vocc(r)????????????????
???????????? ROD????? r ??????????????????
ROD(r) =
Vocc(r +r)  Vocc(r)
V (r +r)  V (r) (4.1)
??? r ? r ?????????????????ROD????? r ???? r ??????
????????????????????????????r ! 0???????? ROD??
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4.2 Au:PVP? Au:PAA????????: ???????
????????????????
ROD(r) =
dVocc(r)
dV (r)
=
dr
dV (r)
dVocc(r)
dr
=

dV (r)
dr

dVocc(r)
dr
(4.2)
??? dV (r)dr = ddr
 
4
3r
3

= 4r2 ??? r ???????????? Socc(r) = dVocc(r)dr ????
???????????????????????? ROD??????????????
ROD(r) =
Socc(r)
4r2
(4.3)
????? 4.3?????? 4.1?????????????????? ROD????????
?????????????? Au NC??????????? 4.2(a)?????????????
??????????????????????????????? van der Waals (vdW)???
?????????????????????????????????????????????
??????????????????????? r ?? r +r ???????????????
?????????????????? r ??????????? REMD???????????
??????????????????????????????? ROD??????
????????? Vocc(r) ? vdW ?? A ??????????A ????? MD ???
???????????? Amber??????????? A?????? vdW???????
???????????????????? r ????? 0.43 A? 0.64 A?????????
?? Amber GAFF??????? c3???????? vdW?? c3(=1.7 A)? 25%????
????r ???????? 1.5?????????
? 4.2 ROD?????????(a) ????? 3????(b) (a)?????
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4 ????????????????????????
4.2.3 ?????
???????????????
????? Au NC???????????????????????????????????
???????????????????????? O2????????? Au NC??????
?????????????????? Au NC???????????????? Au NC???
???????????
Au13 ??????????????????????????? 4.3(a)?(b)?(c)?? 4.4??
??????????????????? Au NC???????Au NC???????????
???????????????????? Au13-EPm ? Au13-PAm (m = 1; 2; 4)(?? ? 4.1)?
???????????????? 1?????????????????? 14 kcal/mol????
???????? EP? Au NC??????????????????????????????
??????Au13-EPm(H2O)4 m?Au13-PAm(H2O)4 m ?????????????? Au13
????????????????????????????????? 4.3(d)-(i)???????
? 4.3 ????????????(a) Au13-H2O, (b) Au13-(H2O)2, (c) Au13-(H2O)4, (d)
Au13-EP(H2O)3, (e) Au13-EP2(H2O)2, (f) Au13-EP3(H2O), (g) Au13-PA(H2O)3, (h) Au13-
PA2(H2O)2, (i) Au13-PA3(H2O)?
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4.2 Au:PVP? Au:PAA????????: ???????
? 4.4 Au NC ????????Aun ?? Mulliken ??????????????????
(IP)??????????????????? (Ead)?????
Model Gross Mulliken
charge on Aun
IP, eV Ead
a), kcal/mol
Au13-H2O  0:225 6.51 14:2
Au13-(H2O)2  0:447 6.23 14:0
Au13-(H2O)4  0:919 5.56 13:3
Au13-EP(H2O)3  0:979 5.33 13:7
Au13-EP2(H2O)2  1:029 5.10 13:9
Au13-EP3(H2O)1  1:068 4.91 14:0
Au13-PA(H2O)3  1:019 5.43 15:8
Au13-PA2(H2O)2  1:111 5.21 17:8
Au13-PA3(H2O)1  1:198 5.12 20:1
a)Ead = [fE(Aun) + E(L) mg   E(model)] m, L = EP, PA, H2O?m ?
L?????
??Au13-EPm(H2O)4 m ? Au13-PAm(H2O)4 m ??m = 0????????????? 4.3(c)
?????????m = 4???????? 4.1(l)??? (f)???????????
?????????????300 K ???? Boltzmann ????????????????
????????????????????? 4.4 ?????????? Au13-EP4 ????
???? Au13-EPm(H2O)4 m (m = 0; 1; 2; 3) ?????????????????? Au13-
PAm(H2O)4 m (m = 0; 1; 2; 3; 4) ?? Au13-PA4 ?????????????????????
???????????? Au13-EPm(H2O)4 m ?????? 2.45?Au13-PAm(H2O)4 m ???
????? 4???????????????? Au:PVP???????????????? Au
NC????????????????????????? Au NC??????????????
???????????? Au:PAA?????? PAA???? Au NC ???????????
???????????
?????????????? Au NC?????
???????????? Au NC ?????????????????????Au:PVP ??
? Au:PAA ??????????? MD ??????????????Au NC ???????
?? ROD ???????????Au:PVP ??? Au:PAA ????????????????
?????????????????????Au13(PVPn0)m?Au13(PAAn0)m?Au55(PVPn)m?
Au55(PAAn)m (m = 1; 2; 3; 4:n = 100=m; n
0 = 36=m)????????????n?? n0 ???
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4 ????????????????????????
? 4.4 (a)Au13EPm(H2O)4 m ? (b)Au13PAm(H2O)4 m (m = 0; 1; 2; 3)?????????
????????????????? 4.5??????????? Au NC???????????
?????????? 4.5?????ROD?????????????m???????????
????????????Au13(PAAn0)m ???????????m?????? ROD????
????????????????Au13(PAA36)1 ??????????? PAA36 ??????
????Au13 ?????????PAA???????????????????????????
?????????????????????????????PVP???? pyrrolidone???
??????????PAA????????????????????????????????
???????????????????????
???????????? Au NC????????? DFT???????Au:PAA?????
? Au13-PA4 ?????????????????Au:PVP?????? 4??????????
???????????????????????????? ROD?"??"??????? 4.6?
?????????????????Au:PVP???? Au:PAA??????? ROD?????
???????? Au:PAA ????????? Au:PVP ??????????????????
????????????????? Au:PAA??????? Au:PVP????????????
????????????
4.2.4 ??
?????Au:PVP????? Au;PAA????????????????Au NC??????
???????????????????????????????????????? Au NC?
????Au NC?????????????????????????Au NC???? PVP??
???????????????????????????????????????????PAA
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4.2 Au:PVP? Au:PAA????????: ???????
? 4.5 (a)Au13(PVPn0)m, (b) Au13(PAAn0)m, (c) Au55(PVPn)m?(d) Au55(PAAn)m
(m = 1; 2; 3; 4:n = 100=m; n0 = 36=m) ? ROD?ROD ???????????????
? DFT???????????????
? 4.6 (a) Au13(PVPn0)m?Au13(PAAn0)m?(b) Au55(PVPn)m?Au55(PAAn)m?ROD
(m = 1; 2; 3; 4:n = 100=m; n0 = 36=m)
??????????????????????????300 K? Au NC???????????
PAA?????????????????????
??????????????Au NC??????????????????????? REMD
???????????????????????????????? Au NC?????????
???? Au:PVP?????? Au:PAA????????????? Au NC?????????
?????????????????????????????
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? 5?
??
????????????????????????????????????????????
??????Au NC???????????????????????????????????
??????????????????????????????????????????
? 3?? 3.1?????? Au6 ????????????????????3????????
????????????????????????? p-HBA?????????p-HBA???
hydride???????????????????????????????????hydride??
????????????????? O2 ??? p-HBA???????????????????
?????????????????p-HBA??? hydride?????????????????
????????????????????????????????3????????????
?????????????????????????????????????????????
H2O2 ??????? Au6 ????????????????????????????????
?? 2?? OH  ????????????????????????????????? OH  ?
????????????????????????????????????????????
???
? 3?? 3.2????Au6 ???????? allyl alcohol?????????????????
????????????? Au6 ????????????????????Au NC ?????
???????????????????????????? allyl alcohol(2-hexen-1-ol)? OH?
??????????????? enol(1-hexen-1-ol)????????????1-hexen-1-ol???
????????????????????????????????????? allyl alcohol ?
OH ??????????????????????????????Au6 ??????????
? allyl alcohol??????????????????????????????????????
5 ??
allyl alcohol? OH????????????????????????????????????
?????????????????????????????????????????????
?????????????????????
? 4?? 4.1????Au:PVP????? Au:PAA?????? Au NC??????????
?????????????? Au NC????????????? DFT???????Au??
??? Au13 ???????PVP? PAA????????????????? EP??? PA??
???????????????????????????????-?????????????
PAA? PVP? Au NC??????????????????????????????PAA?
??????????????????PVP? PAA? Au NC????????????????
??????????????????????????????????????
??? 4 ?? 4.2 ????Au:PVP ????? Au;PAA ????????????????Au
NC???????????????????????????????????????????
??? Au NC?????Au NC?????????????????????????Au NC?
??? PVP???????????????????????????????????????
??????PAA??????????????????????????300 K? Au NC??
????????? PAA?????????????????????????????????
?? Au NC ??????????????????????? REMD ???????????
????????????????????? Au NC????????????? Au:PVP??
???? Au:PAA????????????? Au NC???????????????????
???????????????????
???????????????????Au NC?????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????? Au NC????? Au:PVP??
? Au:PAA???????????????? Au NC???????????????? Au NC
??????????????????????PVP? PAA? O2 ??????????????
Au:PAA??? Au NC??????????????????? Au NC???? PAA????
?????????????????????????????????????????????
????????Au NC???????????????????????
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?? A
????????????
Au????????????????????????????Amber??????????
????????MD???????????????????????????????????
????????????? DFT???????????????????
A.1 ?????
?????????? Au NC???????????????????B3LYP???????
????? DFT?????????????????????????????? (ECP)???
???????? (LANL2DZ)?????????????????????? 6-31+G(d,p)???
?????????????????icosahedron?? Au13?methylpyrrolidone (MP; C5H9ON)
?methylamine (MA; CH3NH2)?Au13-MP?Au13-MA?????MP?MA????? PVP?
PAA??????????????????????????????????????????
???????????Au13 ??????????????MP???MA??????????
???????????????Gaussian09??????????119????????
A.2 ??
A.2.1 ????????
? A.1?????????????????????????????????????????
?????????MP?MA?????? Amber GAFF(Version 1.7, Nov 2013)??????
????????Au13 ???????????????? Au???????? Au??????
???????????????????????????????????????????
A ????????????
?A.1 ??????????????????????????(a) Au13-MP?(b) Au13-MA?
?????????????????????
A.2.2 ???????????????
??????????????? r???????????????????????  ????
Amber??????????????????????????????????????
Vtot = Kx(x  xeq)2 + const:; (x = r; ) (A.1)
????xeq ????????? x??????????xeq ??????xeq ?????? x?
??????????????????????Kx ??????????
Kx =
1
2
dVtot
dx

x=xeq
 Vtot(xeq  x)  2Vtot(xeq) + Vtot(xeq +x)
2x2
; (x = r; ) (A.2)
???????? Au13-MP? Au-O??? 2.337 A?Au-O-C??? 125.899  ????Au13-MA
?? Au-N ??? 2.289 A?Au-N-C ??? 115.941 ???????????????????
???? req ??????? eq ???????????????????????Au13-MP ?
??-2087.35987154 hartree?Au13-MA??-1857.276910112 hartree????
??????????????????????????????????????????
?????????????????????????(req  r; eq); (req + r; eq); (req; eq  
); (req; eq  )??? 4?????????????????? A.2???????????
????? A.2??????Au13-MP? Au-o????? Au-o-c???????? Kr ?K ??
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A.2 ??
V (req; eq)
=  2087:35987154 hartree
req = 2:337 A
eq = 125:899

V (req +r; eq) =  2087:35972867 hartree
V (req  r; eq) =  2087:35970033 hartree
r = 0:05 A
Kr = 0:062816 hartree=A
2
= 39:42 kcal=mol A2
V (req; eq +) =  2087:35980202 hartree
V (req; eq  ) =  2087:35979265 hartree
 = 2:5
K = 0:00001187 hartree=deg
2
= 24:46 kcal=mol  rad2
V (req; eq)
=  1857:276910112 hartree
req = 2:289 A
eq = 115:941

V (req +r; eq) =  1857:27669576 hartree
V (req  r; eq) =  1857:27665477 hartree
r = 0:05 A
Kr = 0:08919800 hartree=A
2
= 55:97 kcal=mol A2
V (req; eq +) =  1857:27681122 hartree
V (req; eq  ) =  1857:27680791 hartree
 = 2:5
K = 0:00001419 hartree=deg
2
= 55:97 kcal=mol  rad2
? A.2 ????????????????????????????????????????
(a) Au13-MP?(b) Au13-MA
??? Au13-MA ? Au-n3 ????? Au-n3-c3 ???????? Kr ? K ?????????
????? A.2????????? A.1? Amber GAFF??????????????????
??????????????????Au-o??? Au-n3??????????????????
??????Au-o-c ???? Au-n3-c3????????????????4.1?????????
??????
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A ????????????
? A.1 Amber GAFF(ver.1.7?????????????????????????
????? Kra) req=A ?????? Kb) eq=deg
hn-n3 394.1 1.0180 c3-c -o 68.03 123.11
c3-n3 320.6 1.4700 c3-n3-hn 47.13 109.92
c -o 648.0 1.2140 c3-n3-c3 64.01 110.90
a) kcal=mol A2. b) kcal=mol  rad2.
A.2.3 ?????????
Amber????????????????????? (A.3)???? Fourier????????
???????
Vtorsion =
X
n
Vn
2
[1 + cos(n  )] + const: (A.3)
??? Vn ???????????????? ????? ?????????????n???
??????????????????????????? 3?????????????????
????????????????????????????????????????????
???????????????????????????????? (PES)?????????
???????????????????????????????????????Au13-MP?
Au-O?????Au13-MA? Au-N????????????????????????????
???? A.2???????????????????????????????????????
?????????????????????PES?????????????????????
?????????????????????
Vtrial =
X
dihedrals
Vn
2
[1 + cos(n  )] + const:
=
X
i2tortiontype
Vn;i
2
8<:X
ji
[1 + cos(niji   i)]
9=;+ const: (A.4)
?????????? (???? tortion type)???????????????????????
???????
PES??????????????????? (? A.1)?????Au13-MP?? Au3-Au2-O14-
C15??? (? A.2(a))??Au13-MA?? Au3-Au2-N14-C15??? (? A.2(b))??0??? 10
???? 350????????????????????????????????
Au13-MP???????????????PES???????????? 2?????????
????????????????Au13-MA???????????????4????????
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A.2 ??
??????????????????? A.3???????????????????Au13-MP
?? Au-Au-o-c ?????????????Au13-MA ???Au-Au-n3-c3 ? Au-Au-n3-hn ? 2
?????????Vn;i=2???? AC-Au-o-c? AC-Au-n3-c3???????????????
?????? AC ???????AC ????????????? Au ????????????
6 AC-Au-O/N ????? 180 ??????????????????????????????
????Au13-MP? Au13-MA??????? 6 AC-Au-O/N?????? 180 ????????
???????????MP?MA? Au13 ??? Au???????????????????
???????? AC-Au-o-c? AC-Au-n3-c3??????????? PES??????????
???????????????????????????????van der Waals???????
???????????????????????????
Au13-MA?Au13-MP? Au13-MA??????????????? Vn;i=2???? A.3???
???? cal/mol????????????Amber????????????? kcal/mol???
????????????????????????????????????????? Au-O/N
?????????????????
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A ????????????
? A.2 Au-O/N?????????????????????(a) Au13-MP??(b)Au13-MA
?????? ??????
i type name ji position
1 AC-Au-o -c 1 Au1-Au2-O14-C15
2 Au-Au-o -c 1 Au3-Au2-O14-C15
2 Au5-Au2-O14-C15
3 Au6-Au2-O14-C15
4 Au11-Au2-O14-C15
5 Au13-Au2-O14-C15
?????? ??????
i type name ji position
1 AC-Au-n3-c3 1 Au1-Au2-N14-C15
2 Au-Au-n3-c3 1 Au3-Au2-N14-C15
2 Au5-Au2-N14-C15
3 Au6-Au2-N14-C15
4 Au11-Au2-N14-C15
5 Au13-Au2-N14-C15
3 AC-Au-n3-hn 1 Au1-Au2-N14-H17
2 Au1-Au2-N14-H18
4 Au-Au-n3-hn 1 Au3-Au2-N14-H17
2 Au3-Au2-N14-H18
3 Au5-Au2-N14-H17
4 Au5-Au2-N14-H18
5 Au6-Au2-N14-H17
6 Au6-Au2-N14-H18
7 Au11-Au2-N14-H17
8 Au11-Au2-N14-H18
9 Au13-Au2-N14-H17
10 Au13-Au2-N14-H18
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A.2 ??
? A.3 ?????????????? PES?????? VQM ? DFT ?????? PES?
Vtrial ??????????????????
(a) Au13-MP
?????? parameter value
AC-Au-o -c3 Vn;i=2
a) 18.51
ni 1
i
b)  2:351
Au-Au-o -c3 Vn;i=2
a) 5.957
ni 5
i
b) 14.81
const.a)  2:74
tting RMS 3.28
a) cal/mol. b) degree.
(b) Au13-MA
?????? parameter value
AC-Au-n3-c3 Vn;i=2
a) 2.608
ni 1
i
b)  6:596
Au-Au-n3-c3 Vn;i=2
a)  0:408
ni 5
i
b) 0.346
AC-Au-n3-hn Vn;i=2
a) 0
ni 2
i
b) 0
Au-Au-n3-hn Vn;i=2
a)  15:999
ni 12
i
b) 13.112
const.a) 163.741
tting RMS 0.808
a) cal/mol. b) degree.
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?? B
REMD???????
????? 4?? 4.2????? REMD?????????????????????????
????
? B.1? REMD?????????????????36????????? 36???????
????????????????????????????????????
? B.1 REMD?????????????????
(a) Au13(PVPn
0)m ????? Au13(PAAn0)m ????
???? 1 2 3 4 5 6 7 8 9
????/K 290.58 295.22 300.00 305.06 310.38 315.5 320.71 325.96 331.39
???? 10 11 12 13 14 15 16 17 18
????/K 336.93 342.44 348.28 354.13 361.28 367.86 374.39 381.51 388.98
???? 19 20 21 22 23 24 25 26 27
????/K 396.35 403.51 411.91 419.95 428.16 435.68 443.89 452.74 461.34
???? 28 29 30 31 32 33 34 35 36
????/K 470.65 480.27 489.67 499.32 509.67 519.70 530.20 540.95 553.41
(a) Au55(PVPn)m ????? Au55(PAAn)m ????
???? 1 2 3 4 5 6 7 8 9
????/K 293.99 296.96 300.00 303.18 306.50 309.68 312.89 316.11 319.42
???? 10 11 12 13 14 15 16 17 18
????/K 322.77 326.09 329.58 333.06 337.28 341.14 344.94 349.06 353.35
???? 19 20 21 22 23 24 25 26 27
????/K 357.55 361.61 366.33 370.82 375.37 379.51 384.00 388.80 393.44
???? 28 29 30 31 32 33 34 35 36
????/K 398.42 403.53 408.49 413.54 418.92 424.09 429.47 434.93 441.21
B REMD???????
? B.1? B.2?????????? 36????????? 5?? REMD??????????
?????????????????????????????????????????????
????????????? 31????????????????? ?? B.3????? 300 K
?????????????????????????????????????????????
??? 2 ns????????????????????????????????????????
REMD??????????? ROD?????????????????? B.4? REMD??
??????????????? ROD ??????????????????????????
?????????????? 2 ns????????????????????????????
???
? B.5-B.8?????? REMD?????????????????????????????
?????REMD????????????????????????????????????
?????????? REMD ????????? 2 ns ??????????????? REMD
????????????????????????? 0.1?? 0.2??????????????
???????REMD??????????????????????????????????
?????? ??? B.9-B.12??????? REMD???????????????????
??????????????????????????? REMD????????? 2 ns??
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????REMD???????????????????????????????????
?????
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????
? B.1 Au13 ?????????????????? 36 ????????? 5 ?????
?? REMD ???????(a)Au13(PVP36)1, (b)Au13(PVP18)2, (c)Au13(PVP12)3,
(d)Au13(PVP9)4,(e)Au13(PAA36)1, (f)Au13(PAA18)2, (g)Au13(PAA12)3,
(h)Au13(PAA9)4
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B REMD???????
? B.2 Au55 ?????????????????? 36 ????????? 5 ??????
? REMD ???????(a)Au55(PVP100)1, (b)Au55(PVP50)2, (c)Au55(PVP33)3,
(d)Au55(PVP25)4,(e)Au55(PAA100)1, (f)Au55(PAA50)2, (g)Au55(PAA33)3,
(h)Au55(PAA25)4
84
????
? B.3 ???? 300 K????????????????????????????????
????????????????(a)Au13(PVPn0)m ????, (b)Au13(PAAn0)m ????,
(c)Au55(PVPn)m ????, (d)Au55(PAAn)m ????
? B.4 ???? 300 K ????????????? ROD ??????????
(a)Au13(PVPn
0)m ????, (b)Au13(PAAn0)m ????, (c)Au55(PVPn)m ????,
(d)Au55(PAAn)m ????
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B REMD???????
? B.5 Au13(PVP36=m)m ????????????????(a)Au13(PVP36)1,
(b)Au13(PVP18)2, (c)Au13(PVP12)3, (d)Au13(PVP9)4
? B.6 Au13(PAA36=m)m ????????????????(a)Au13(PAA36)1,
(b)Au13(PAA18)2, (c)Au13(PAA12)3, (d)Au13(PAA9)4
86
????
? B.7 Au55(PVP100=m)m ????????????????(a)Au55(PVP100)1,
(b)Au55(PVP50)2, (c)Au55(PVP33)3, (d)Au55(PVP25)4
? B.8 Au55(PAA100=m)m ????????????????(a)Au55(PAA100)1,
(b)Au55(PAA50)2, (c)Au55(PAA33)3, (d)Au55(PAA25)4
87
B REMD???????
? B.9 Au13(PVPn0)m ???????? REMD ???????????????????
??????????????????????????????????????????
(a)Au13(PVP36)1, (b)Au13(PVP18)2, (c)Au13(PVP12)3, (d)Au13(PVP9)4
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????
? B.10 Au13(PAAn0)m ???????? REMD ??????????????????
???????????????????????????????????????????
(a)Au13(PAA36)1, (b)Au13(PAA18)2, (c)Au13(PAA12)3, (d)Au13(PAA9)4
89
B REMD???????
? B.11 Au55(PVPn)m ???????? REMD ???????????????????
??????????????????????????????????????????
(a)Au55(PVP100)1, (b)Au55(PVP50)2, (c)Au55(PVP33)3, (d)Au55(PVP25)4
90
????
? B.12 Au55(PVPn)m ???????? REMD ???????????????????
??????????????????????????????????????????
(a)Au55(PAA100)1, (b)Au55(PAA50)2, (c)Au55(PAA33)3, (d)Au55(PAA25)4
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